Abstract-The aim of this series of two papers is to propose a new experimental tool based on the reflection ellipsometry technique for in situ characterization of single-layer dielectric materials at microwave frequencies. In the first part of this paper [1], the theoretical part of the technique and the associated multistep numerical algorithm used to estimate the complex permittivity of a sample have been presented. In this second part, we focus on the experimental setup and on the results. We report the estimated values of the complex permittivity for several types of materials and compare them with results obtained by the Fresnel method. We show that measured values agree with those currently published.
In Situ Measurements of the Complex Permittivity of Materials Using Reflection Ellipsometry in the
Microwave Band: Experiments (Part II) I. INTRODUCTION I N THIS second part, the experimental validation of the reflection ellipsometry technique, for in situ characterization of dielectric materials at microwave frequencies, as proposed in [1] , is presented. In this context, we have designed an experimental setup named COTREMO, which includes an automated measurement system, allowing the retrieval of the powers reflected by the surface of the sample as a function of the rotation angle of the receiving antenna [2] . Each ellipsometric curve obtained is then analyzed by a numerical multistep method to deduce an estimate of the complex permittivity of a single-layer sample (whose thickness is assumed to be known) and its associated uncertainties.
Several common types of materials, such as a concrete wall, fiberboard, plasterboard, and PVC slabs, have been studied. Estimates of the complex permittivity have been obtained, first from ellipsometry, then from two other methods: the Fresnel method (an alternate free-space technique) and a guided method using a coaxial structure. We show that the different measurement values are included in ranges reported in the literature [3] - [9] . Moreover, for each sample, the complex permittivity issued from reflection ellipsometry has been studied as a function of the angle of incidence for frequencies included in the X and Ku bands. In Section II, a description of the experimental setup COTREMO and of the experimental conditions is given. Then, the main experimental results are synthesized in Section III. We provide three types of results: i) the analysis of the ellipsometric curves associated with different angles of incidence and with different frequencies, ii) the estimations of the complex permittivity for each sample considering several experimental conditions, and iii) comparisons with results issued from alternate measurement techniques. Section IV is dedicated to concluding remarks and future prospects.
II. EXPERIMENTAL SETUP

A. General Description
The experimental measurement system, depicted in [1, Fig. 1 ], allows measuring the reflected waves in free-space in the frequency bands X and Ku, using either the Fresnel method or ellipsometry. The overall system is built on a semicircular horizontal plane support made up of plexiglass and placed in front of the material under test. A bistatic configuration is used.
0018-9456/$20.00 © 2005 IEEE Two pairs of horn antennas associated with both bands have been used. Each antenna is set on a column (at 70 cm above the basis) fixed on an arm, allowing the adjustment of the radius (1 m for the Fresnel method and 0.6 m for ellipsometry) of the support which marks out the angle of incidence. A waveguide adapter which fills the rotating system allows the rotation (described by the angle ) of the receiving antenna around its symmetry axis. For alignment, each column has rotation and translation capabilities. The pyramidal horns have been chosen with particularly low phase deviation at their aperture (for example, 19.5 for E-plane and 54 for H-plane in X band). The overall measured far-field 3-dB beamwidth of the electrical field, for both polarizations and both bands, is near 30 . Fig. 1 shows the measured and theoretical values of the radiating pattern of the X-band antennas in the H-plane configuration [10] . An incident power of 12 dBm is generated for each frequency belonging to the X or Ku band, and a low power detector [ 20 dBm; 70 dBm] has been chosen.
To cancel scattering phenomena from the sample, its size has been chosen greater than the first Fresnel zone at the grazing incidence (1 m 2 m). In order to focus the two antennas on the same footprint on the surface of the sample, a narrow laser beam positioned at the center of each antenna has been used. Depending on each of the methods, Fresnel or ellipsometry, experimental conditions such as the distance between the antenna and the spot of reflection have been chosen for an optimal detection.
B. Specific Physical Phenomena
We have calculated, as a function of the angle of incidence , the width of the Fresnel ellipsoid associated with the first Fresnel zone and, particularly at the lower frequencies where it is larger. This evaluation helps us to determine the minimal dimensions of the sample that prevent diffraction effects at the edges; we have compared the major axis of this Fresnel zone with the footprint of the radiated field generated by the antenna (see Fig. 2 ). Assuming that the distance between the antennas and the spot of reflection on the sample surface is large compared to the wavelength , the major and minor axis of the Fresnel ellipse express thus as a function of the angle of incidence as follows:
Consequently, at a fixed frequency, the overall angle from which the receiving antenna sees the major axis of the ellipse evolves with the angle of incidence as (2) This angle increases with the angle of incidence : There exists a limit value of the angle of incidence (called the limit angle) above which the overall 3-dB beamwidth is smaller than the antenna angle-of-sight of the first Fresnel zone; in such case, the detected power is not typical of the physical phenomena involved. Considering the two experimental conditions chosen for our measurement comparisons, either m at GHz or m at GHz, the limit angles of incidence are evaluated to 70.4 and 58.4 , respectively.
We have also considered the influence of the radiating pattern on the power received by the antenna. The contribution of the line-of-sight path to the received power can be expressed by the following formula:
where 2 is the gain of the receiving antenna in the direction 2 [10] and is the phase deviation between the line-of-sight and the reflected wave path.
Considering the two measurement configurations, it appears from Fig. 3 that the interference generated by the reflected and line-of-sight signals becomes significant beyond the angle of incidence . )] have been characterized in reflection at different frequencies included in the X and Ku bands. Materials are supposed to be homogenizable (their inclusions are small compared to the wavelength or they are stratified): To verify the dielectric homogeneity of the sample and the planeness of the wave front, we have checked that, for a given angle of incidence and a given polarization, the measured reflection coefficients remain constant (up to the measurement uncertainties) when considering different antenna to wall distances and different positions of the spot on the sample. Their relative complex permittivity has been estimated at different angles of incidence and frequencies using reflection ellipsometry in the ranges [35 ; 50 ] and [8.5 GHz; 17 GHz], respectively. The maximal uncertainties associated with the measured reflected power and the analyzer angle are, respectively, estimated to the following average values: 0.2 dB (relative) and (absolute); they represent the maximum deviation obtained during the integration time of each scalar measurement.
III. COMPLEX PERMITTIVITY ESTIMATIONS ON SEVERAL SAMPLES
A. Experimental Conditions
B. Experimental Ellipsometric Curves
As an example, in the case of the 12-mm-thick plasterboard sample (M4), experimental ellipsometric curves have been plotted on Fig. 4 , first as a function of the angle of incidence (at frequency 12 GHz) and secondly as a function of the frequency (at the angle of incidence 40 ); the rotation angle of the receiving antenna varies in the range [0; 180 ]. For each angle , the reflected power is the value averaged over 60 powers detected during the time necessary for the automated data acquisition; uncertainties on detected powers can then be estimated.
From Fig. 4(a) , we note that the angular location of the maximum amplitude usually increases with the angle of incidence in the range [35 ; 50 ]. However, if we consider the maximum amplitude value itself, we cannot distinguish any underlying variation law as described by the theory. This can be explained by the slight variation of the estimated complex permittivity value associated with each curve. In fact, we have observed through numerical simulations that, as the thickness and the frequency are fixed, the value of is not always an increasing function of the angle of incidence (see Fig. 5 ). Starting from a given value of the complex permittivity, a simulated perturbation of the real or imaginary part of the permittivity may induce either an increasing or a decreasing behavior of the value of as a function of the angle of incidence. For example, we consider the case of a 12-mm-thick sample, at frequency 12 GHz with an initial value of the complex permittivity for all angles of incidence included in the interval [35 ; 50 ]. Starting from this point , if the relative loss factor decreases, the maximum power is a decreasing function of the angle of incidence [see Fig. 5(a) ]; on the contrary, if the real part increases, becomes an increasing function of the angle of incidence [see Fig. 5(b) ]. In the limit case , the maximum intensity is nearly constant with the angles of incidence in the range [35 ; 50 ] .
When the frequency varies [see Fig. 4(b) ], we do not observe, at first glance, any specific variation law on the experimental curves, and the curves appear more or less close to each other. A theoretical parameter study has thus been performed to understand in more detail the physical phenomena involved. This study shows that a slight variation of the complex permittivity makes the ellipsometric curves associated to different frequencies more distant from each other.
C. Comparisons of the Fresnel and Reflection Ellipsometry Methods
Estimations of the complex permittivity issued from the two methods have been compared for two types of samples supposed to be thick or thin compared to the wavelength, in the X band. For this comparison, the experimental conditions of each method have been optimized.
1) Concrete Wall (Thick Sample):
In this case, we consider a sample which is thick (19.5 cm) compared to the wavelength. The reflection coefficients and their ratio, as measured by the Fresnel method, are plotted as a function of the angle of incidence on Fig. 6 . Using a nonlinear least squares approach to fit either jointly both reflection coefficients or their ratio, yields estimated permittivities equal, respectively, to and at GHz. These estimated values of permittivity appear very close. We underline that the mean uncertainties of free-space measurements associated with the values of and are evaluated to less than 10% and around 20% (case of small values of ), respectively. The large deviations between the measured data and the theoretical curves appearing for both extreme (small and large) values of the angle of incidence can be explained by the nonnegligible effect of the line-of-sight path in these extreme configurations. It must be underlined that in this method, the first estimate of the complex permittivity is determined by the coordinates of the minimum extracted from a fitting of the experimental curve of the ratio of both reflection coefficients made only in its vicinity.
In the case of the ellipsometry method, with , the measured data follow almost exactly a raised sine-shaped curve, as shown in Fig. 7 . Taking into account the measurement uncertainties, the theoretical curve fitting at best the data corresponds to an estimated complex permittivity value of at GHz. In this case, the uncertainties are estimated from the two parameters and , deduced from the fitting of the experimental curve. We remark that these values of permittivity are close to those determined by the Fresnel method and that they belong to the range of those appearing in the literature [6] .
As a conclusion, the values of the complex permittivity of the concrete wall issued from both Fresnel and ellipsometry methods appear close. We observe that, in both cases, the measurement data fit satisfactorily the theoretical curves. The uncertainties on the real and imaginary parts of the complex permittivity appear larger in the ellipsometry method than in the Fresnel method, but they should be more representative of reality since in the Fresnel approach, the direct path received by the receiving antenna cannot be assumed constant when the angle of incidence changes.
2) Fiberboard (Thin Sample): Because the thicknesses of the two different fiberboard samples are small compared to the wavelength (for example, cm at 8.5 GHz), absorbing materials have been placed far behind the samples. In the case of the Fresnel method, and considering only the optimal joint fit of both reflection coefficients, the estimated permittivities are, for the 10-and 16-mm-thick slabs, and , respectively, at GHz (see Figs. 8 and 9 ). In the case of ellipsometry, the experimental curves, as shown in Figs. 10 and 11 , yield the following estimated permittivities for the 10-and 16-mm slab (with and , respectively):
and respectively, at frequency GHz. Once again, the uncertainties on the complex permittivity appear larger in the ellipsometry method than in the Fresnel method.
D. Complex Permittivity Estimations Using Reflection Ellipsometry
The estimations of the complex permittivity of the different materials M2 to M6 lead to mean values of complex permittivities, as collected in Table I , as a function of frequency. The uncertainties associated to the real and the imaginary parts of are estimated to less than 15% and 30%, respectively; however, it is well known that the relative loss factor is quite difficult to estimate by free-space techniques, particularly when its value is lower than 0.5. Comparison of our measured values of relative complex permittivities with those reported in the literature in the case of similar materials characterized by other free-space techniques [3] - [9] confirms that the real parts of the relative permittivity belong to the ranges [2.1; 2.9] and [1.71; 2.5] for fiberboard and plasterboard, respectively, while relative loss factors belong to the ranges [0.04; 0.8] for fiberboard and [0.02; 0.1] for plasterboard; such results validate our estimations, but the relative loss factors appear higher. More generally, we observe that the real part of the permittivity has a higher value in the case of thinner materials as reported in [8] . Moreover, samples of fiberboard mm and PVC mm have been characterized in a coaxial structure by P. Sabouroux at Université de Provence, France, leading to estimations of the complex permittivity versus frequency in the range [8 GHz; 18 GHz] [11] ; the variations of the corresponding real parts are plotted in Fig. 12(a) and (b) . We remark that these mean values agree with our estimations issued from reflection ellipsometry and that they fluctuate as a function of frequency. We do not provide the estimates of the loss factors issued from this method, because their uncertainties are not well characterized: they are mostly due to the manufacturing difficulty to produce a soft sample matching the guide without air-gap and to their low value (lower than 0.5 in the case of fiberboard and PVC samples). Fig. 13 shows plots of the estimated real and imaginary parts of the complex permittivity averaged over several angles of incidence [35 , 40 , 45 , 50 ] , as a function of frequency, in the case of the thicker samples M3, M4, and M6. for the second one; such variations have already been observed by several authors [5] , [6] .
As a function of the angle of incidence, considering the three thicker samples at frequency 12 GHz. We observe in Fig. 13(a) that the variations of the complex permittivity of the 16-mmthick fiberboard sample are smoother than for the 15.5-mm PVC and 12-mm plasterboard samples. However, the values remain close to the mean values collected in Table I .
IV. CONCLUSION AND PERSPECTIVES
We have designed a new in situ measurement setup that allows measuring, by reflection, the complex permittivity of common samples of arbitrary thicknesses, using two different methods and based on scalar only measurements. The influence of the relevant parameters, such as the angle of incidence and the frequency, on the shape of ellipsometric curves and on the estimation of the complex permittivity for the different samples has been studied, helping to understand thoroughly the experimental phenomena involved in reflection ellipsometry.
The conclusions of our approach are the following. 1) From the experimental point of view, the Fresnel approach cannot be exploited on the whole range of angles of incidence, because of the Fresnel zone whose dimensions vary with . On the contrary, in the case of ellipsometry, the angle of incidence can be judiciously chosen so as to optimize the measurement conditions. However, ellipsometry appears to be more sensitive to the adequacy between the geometrical parameters of the setup and the physical properties of the sample. 2) From the numerical point of view, the choice of the optimization method that determines the best fitting theoretical curve to the data is much more critical with the Fresnel approach. To our opinion, this results from the noisy characteristic of the measurement data generated by this method. 3) Concerning the results, the estimated complex permittivities, obtained from three different methods (ellipsometry, the Fresnel approach, and a guided structure) have been compared. They give real permittivity values which agree satisfactorily for the samples considered. The deviation between estimates of the loss factors is inherent to the free-space feature of the first two methods and to the manufacturing difficulty of the sample in the case of the last method. The estimated uncertainties associated with ellipsometry appear slightly greater than the Fresnel ones; we underline the fact that the uncertainty estimations are not evaluated using the same approach. Moreover, because of the nonconstant power of the direct path in the Fresnel method, it appears more difficult to fit the measurement curves in this approach. As a conclusion, ellipsometry appears as a promising method that competes favorably with the Fresnel approach. Future developments include the extension of ellipsometry to broadband measurements, the study of the transmission configuration, of double-layer homogeneous samples, as well as of more realistic construction materials.
